Abstract--Seven kaolins from Georgia (southeastern U.S.A.), ranging from high to low commercial grade, were characterized by X-ray powder diffraction and chemical techniques to establish that the variation in quality was caused by impurities. The Ca and Cs cation-exchange capacities (CEC) varied from 2.67 to 8.17 and from 3.29 to 8.77 meq/100 g, respectively. Selective dissolution and correlation analyses strongly indicated that expandable 2:1 minerals, particularly smectite (1.2-5.9%), Were responsible for most of the observed variations in Ca CEC (r = 0.85*). The external surface CEC of kaolinite ranged from 0 to 1 meq/ 100 g. The positive significant correlation (r = 0.90**) between the Ca CEC and the K-mica content (0-3.9%) suggested that Ca CEC may be related to the degree of mica weathering through an expandable mineral stage.
INTRODUCTION
The low cation-exchange capacity (CEC) of kaolinite, compared to that of expandable phyllosilicates, is thought by some to result from ionic substitution (Bolland et al., 1976) and to be pH-independent. However, it is thought by others to arise from exposed -SiOH and -AIOH sites (Ferris and Jepson, 1975) and to be pHdependent. Differences in the CEC of various kaolins have been attributed to differences in the degree of crystallinity (Murray and Lyons, 1960) , surface area (Ormsby et al., 1962) , and the presence of impurities, particularly montmorillonite (Hinckley and Bates, 1960; Bundy et al., 1966) .
Small amounts of montmorillonite impurity in kaolin clays have an adverse effect on rheology of kaolinite suspensions (Lyons, 1958) . The fixation ofCs lzr is minimal or negligible for monomineralic kaolinite or expanded montmorillonite (Schulz et al., 1960) . Interleaved micaceous components (Lee et al., 1975) , occurring as impurities in kaolinite, may be responsible for the strong fixation of radionuclides such as Cs 13r (Francis and Brinkley, 1976; Komarneni, 1978) .
The objectives of this paper are to characterize a series of field-grade kaolins with different CEC and rheological properties by mineralogical, chemical, and X-ray powder diffraction techniques, and to correlate and identify the sources of the differences in the CEC and Cs-retention capacity of the kaolins.
MATERIALS AND METHODS
Six commercial kaolins from Twiggs County and one (sample 3) from Wrens, Georgia (courtesy of A. C.
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Kunkle of the J. M. Huber Corporation), were examined. Random powder specimens were prepared for X-ray diffraction (XRD) analysis with Ni-filtered CuK~ radiation and a scanning speed of 2~ An empirical crystallinity index (Johns and Murray, 1959) was determined by comparing the intensity ratio of the (021) and (060) reflections obtained with a scanning speed of 0.5~ XRD analyses were also made of Li-DMSO- and Cs-Hz-DMSO- ) intercalated kaolins. An intercalation index was computed as a ratio of the intensity of the 11.2-]k peak to the sum of the intensities of the 7.1-and I1.2-A peaks.
Total K20 and MgO contents were determined by HF digestion in sealed polypropylene bottles, saturated H3BO ~ treatment (Jackson, 1975) , and atomic absorption spectrophotometry (AA). The elemental analyses were performed in duplicate. Specific surface data were obtained by the glycerol mono-interlayer sorption method of Milford and Jackson (1962) .
CEC determinations
For determinations of exchange capacities for Ca and K, 0.20-g samples were saturated with Ca `-'+ by three washings with 0.5 N CaClz followed by five more with 0.01 N solution. Excess salt in the clay paste was determined by the weighing method of Jackson (1975) . The exchangeable Ca plus that in the excess salt was replaced by washing the paste five times with 0.5 N MgC12. Calcium was determined by atomic absorption spectrophotometry. The amount of exchangeable Ca, designated as CaEC (meq/100 g), was obtained by sub-tracting the amount of excess salt Ca, as calculated from the concentration and the weight of excess solution, from the total Ca.
The amount of exchange capacity with K was determined on the same sample after the CaEC determination. Potassium saturation was achieved by washing the sample three times with 0.5 N KC1, once with 0.02 N KCI in water, and four times with 0.02 N KCI in 80% methanol (Jackson, 1975) . After the last washing, the tube was weighed, dried overnight at 110~ and again weighed to obtain the weight of the sample plus excess KCI solution. The exchangeable K plus excess salt K was extracted by five washings of 0.5 N NH4OAc, and the total K was determined by flame emission spectrophotometry. The amount of exchangeable K, designated as K/EC (meq/100 g), was obtained by subtraction of the amount of excess salt K from the total K.
CsEC determinations were carried out essentially the same as the CaEC determinations. However, each CsC1 solution used was tagged with Cs lz7. The exchangeable plus excess Cs was extracted with 0.5 N NH4OAc or 0.5 N CaC12 solutions in two separate sets of samples. The extracted Cs 137 was radio-assayed by high resolution gamma-ray spectroscopy with an NaI detector. The amount of exchangeable Cs, designated as CsEC, was calculated as the difference between total Cs and excess salt Cs and expressed as CsEC by NH4 § or Ca 2+ replacement. A measure of the Cs-retention capacity was afforded by the difference in CsEC obtained by the replacement of Cs + with NH4 § vs. that with Ca 2+. All reported CEC values represent the average of duplicate determinations.
Quantitative mineralogical analysis
A quantitative estimate of the mineralogical composition of kaolins was made by the chemical allocation procedure (Jackson, 1975) . The mica content was calculated based on an allocation of 10% K20 to mica. The vermiculite content was derived from the equation (Alexiades and Jackson, 1966) : (100) ( 1) A second vermiculite content ("Verm") was calculated by substitution of the CsEC (replacement by NH4 § for CaEC (replacement by Mg2+). The montmoriUonite content was calculated from the simplified equation (Jackson, 1975) :
in which y = the CEC (meq/100 g) attributable to the external surfaces of various minerals present in the bulk sample. Selective dissolution of kaolinite (Jackson, 1975) was carried out to concentrate the impurities. The sample was first preheated in a muffle furnace to 550~ for 4 hr. A 0.1-g subsample was dispersed and boiled in 100 ml of 0.5 N NaOH for 2.5 min in a stainless steel beaker.
After boiling, the sample in the beaker was immediately cooled in a basin of cold water. The cool suspension was centrifuged, and the residue was saved for subsequent analysis. This procedure was repeated with a succession of samples until a sufficient amount of residue was collected for the XRD, CaEC, and K/EC determinations described above.
RESULTS AND DISCUSSION

Nature of the kaolins
Only trace to negligible amounts of impurities, except for mica and expandable 2:1 layers in samples 5, 6, and 7, could be detected in XRD patterns of the original kaolins (Figure 1 ; Table 1 ). A small amount of expandable 2:1 layers (<5%) may escape detection by XRD analysis if they are interstratified with kaolinite as the principal mineral. Their presence is revealed by chemical properties (Tables 2 and 3 ). The identification and quantification of montmorillonite and other impurities in kaolins is important because the impurities contribute to excess viscosity of kaolin suspensions, and decreased brightness of paper coatings may preclude commercial use.
The high intercalation index of many of the kaolins The 11.2/~/(7.2 A + 11.2 A) XRD peak-height ratios of DMSO-intercalated kaolinites .
2 The (021)/(060) peak-height ratios on the diffractograms of random powder samples (Johns and Murray, 1959) .
3 Kaolin sample with ill-defined (02]) peak (Wrens, Georgia, sample 3). studied (>0.90, Table 1) indicates that kaolinite with intercalation disorder or kaolinite type IV ("fireclay"; Range et al., 1969 ) is a minor constituent except in sample 3 which has an intercalation index of 0.72. A similar sample of disordered kaolin has been shown to consist of interleaved 10-~ mica components between 7-A kaolinite layers (Lee et al., 1975) . The absence of chlorite was confirmed by the Cs-Hz-DMSO intercalation index of unity. The crystallinity indices of the samples (Table  1) are low and decrease with the kaolin commercial quality indexes assigned beforehand from 1 to 7. The changes in indices may be the result of inherently poor layer stacking order of kaolins or the accentuation of the (060) peak by the presence of dioctahedral expandable 2: I layers. The amounts of the latter increased (Table 3 ) directly with the degree of disorder. The (021) peak of sample 3 was not discernable because of disorder in 3 dimensions.
The presence of impurities in the kaolin samples was particularly indicated by their high specific surfaces of 77 to 113 m2/g ( Table 1 ). The surface area of pure kaolinite determined by the BET method ranges from 10 to 15 m2/g (Ormsby et al., 1962) . Expandable 2:1 layers have a high specific surface of about 800 m2/g (Jackson, 1975) , hence small amounts of such materials in kaolins can significantly increase the net surface area. The trend of the MgO content (Table 2) relates to the content of montmorillonite (Table 3) . The presence of mica and expandable 2:1 layers in the residue is clearly illustrated by kaolins 2 and 6 (Figure 1) after kaolinite removal. The presence of these minerals was also noted in residues of samples 1--4 which did not contain amounts of impurities sufficient to show by XRD of the whole sample. The qualitative evidence for the presence of trace amounts of mica and expandable 2:1 minerals occurring as impurities in kaolins, as indicated by SDA and XRD, is supported by the chemical methods for quantitative mineralogical composition (Table 3) .
CEC differences
The CaEC of the kaolins ranged from 2.67 to 8.17 meq/100 g ( Table 2 ). Correlation analysis of CaEC with montmorillonite content (r = 0.85"), specific surface (r = 0.84"), crystallinity index (r =-0.95"*), and MgO content (r = 0.89**) indicated that the CEC of the kaolins is significantly related to montmorillonite impurities (Table 4) . Montmoriilonite impurity is responsible for most of the observed differences in CaEC of these kaolin clays as it is inherently defined by the specific surface, crystallinity index, and MgO content (1 to 1.3 meq/100 g for each 1% present).
The vermiculite content is nearly constant and makes up 0.3 to 0.7% of the kaolins (Table 3) . It cannot fully account for the observed CEC differences; however, it may contribute partially to the CEC, Mica (expressed as K20, Table 4 ) is not a strong contributor to CEC because of its inherently low CEC (6-10 meq/100 g), but co-varies with the CaEC (r = 0.90"*, Table 4 ) of its expandable-mineral weathering products (r = 0.84", Table 4 ), as discussed by Jackson (1963) . The CEC differences, therefore, may be related to the degree of mica weathering to expandable minerals. 
Cs retention
The CsEC obtained by extraction with NH4 + ions was higher than the CaEC by 0.1 to 1.6 meq/100 g (Table  5 ). Cations with low hydration energy, such as K § NH4 § Rb § and Cs § can seek out interlayer wedge sites at the phase boundary between K-depleted zones and remnant mica cores (Jackson, 1963; Dolcater et al., 1968) . Conversely, cations with high hydration energy, such as Mg ~+, Ca 2+, and Sr 2+, encounter steric hindrance at these sites and are not selectively adsorbed. The selective adsorption of Cs + over Ca 2 § in vermiculites has been demonstrated (Sawhney, 1964) . The CsEC obtained by Ca 2+ as the displacing cation was greater than the CaEC in samples 1-4. The lower CsEC in samples 5, 6, and 7 can be attributed to more Cs § being retained against Ca 2+ replacement. The higher mica and vermiculite contents (Table 3) in the latter three samples (higher wedge-like interfaces) could account for this observation.
CsEC determined by displacement with NH4 + ions was consistently greater than with Ca 2+ (Table 5 ). This is contrary to an ion-exchange process whereby interlayer alkali ions are displaced more effectively by divalent alkaline earths than by other large monovalent ions (Barshad, 1954) . Cs § ions with a small hydration 2 Verm (%) = [(CaEC -K/EC)/(154)](100) (Alexiades and Jackson, 1966) .
3 CsEC used instead of CaEC in the above.
energy and high polar bonding apparently tend to fix tightly in the ditrigonal cavities within interlayer wedges where the more hydrated Ca z+ ions are not effective in displacing them. That NH4 § and K § ions replaced Cs § ions fixed at wedge sites and interlayer positions more readily and completely than Ca 2+ and Mg ~+ ions has been reported (Schulz et al., 1960; Coleman et al., 1963; Sawhney, 1964) . Thus, in the selective adsorption of Cs + by micaceous minerals, similarity of size, charge, and hydration of the displacing cation evidently determines displacement effectiveness. The difference in CsEC, determined by Cs displacement with NH4 § instead of Ca 2+, can be regarded as a measure of the Cs-retention capacity (Table 5 and Figure 2 ). Simple correlation analysis of Cs-retention capacity against other variables (Table 6) culated from CaEC, showed a much lower coefficient (r = 0.38). The relatively high negative correlation (r = -0.70) with intercalation index illustrates that ordered kaolinites retain less Cs + against replacement by either NH4 + or Ca 2 § than do disordered kaolinites.
Multiple correlation analysis of Cs-retention capacity with "Verm" and specific surface was more highly correlated (R = 0.93**) than with the other double sets (Table 6) . Cs retention showed a high multiple correlation (R = 0.86*) with mica content and "Verm" (Table 6), although it was poorly correlated with mica by itself. Interestingly, the mica content was highly correlated with CEC and montmorillonite content (Table  4) . The foregoing multiple correlations were similar to those with montmorillouite or with intercalation index, indicating that mica and its expanding mineral weathering products (wedges at mica-vermiculite-montmorillonite XY plane interfaces; Jackson, 1963, Figure 1 ) are closely related to Cs retention. The high multiple correlation of Cs retention with "Verm" and specific surface thus appears to be accounted for by the close association of mica weathering products with the kaolins, including the disordered kaolin (sample 3) from Wrens, Georgia.
Estimate of CEC of kaolinite
The montmorillonite content determined (by K/EC) after selective dissolution (NaOH-SDA after 550~ heating) of kaolinite ranged from 1.2 to 5.9% (fight hand column, Table 7 ). The possible CECs of the kaolinites are arrayed as 0 to 5 meq/100 g to allow the calculation of the montmorillonite content determined for samples 1-7. As can be seen, the best fitting series of calculated montmorillonite contents of the seven clays is obtained under the assumed kaolinite CEC of 0.5 meq/100 g. Since the correlation coefficients are approximately equal (r = 0.90 to 0.91"*) for the assumed CEC values of 0 to 1 meq/100 g, the CEC value of the principal mineral, kaolinite (Table 3) , is indicated to fall in that range. It is likely that the high CEC values for kaolinite (2 to 15 meq/100 g) reported in the literature overestimate the CEC attributable to pure kaolinite.
CONCLUSIONS
Selective dissolution and elemental techniques amplify and reinforce XRD in identifying mica and expandable layer silicate impurities present in varying, often small, amounts in kaolins (Table 3) . Nearly pure kaolinites occur in intimate association with mica, vermiculite, and montmofillonite, even in high-kaolinite deposits, in agreement with Keller and Haenni (1978) that monomineralic kaolinite is rare.
Highly significant correlation coefficients (Tables 4  and 6 ) between CaEC, specific surface, montmorillon- (Table 5 ). The Cs retention vs. replacement by NH4 + as compared with that by Ca indicates that Cs can penetrate further into the XY plane wedges of the mica/vermiculite than can NH4 +, K § or Ca z § Kaolins with a low intercalation index (high intercalation disorder, e.g., fireclay) fix much Cs + against replacement by NH4 § or Ca 2+.
The CEC at pH 7 of pure kaolinite ranges from 0 to 1 meq/100 g of kaolinite, after the CEC of expandable mineral impurities in the kaolins has been accounted for (Table 7) .
